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Abstract
A numerical diagnosis of tropical cyclogenesis in a quiescent, rotating environment is presented to suggest an answer to the 
above question. Our research approach employs near-cloud-resolving numerical simulations to quantitatively analyze helical self-
organization of moist-convective atmospheric turbulence. The simulations permit a diagnosis of cyclogenesis when the primary 
and secondary circulations in a forming hurricane vortex become linked by special convective coherent structures – Vortical Hot 
Towers (VHTs). The VHTs are argued to be intrinsic elements of the turbulent vortex dynamo in the tropical atmosphere of the 
Earth. It is discussed how the generated linkage makes the nascent vortex an integral helical system, supporting a positive 
feedback between the circulations. The feedback is sustained by only modest fluxes of latent heat from the underlying ocean, 
convective instability and vortical convection. The feedback indicates a release of potential energy that is converted into kinetic 
energy of developing large-scale helical vortex. Energy exchange between the primary and secondary circulation and their further 
mutual intensification is inferred from the numerical experiments.
© 2013 The Authors. Published by Elsevier B.V.
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1. Introduction
In the theory of turbulence there exists a fundamental hypothesis about a small-scale helical turbulence that under 
certain conditions may provide an energy transfer from small to large scales and evoke a large-scale instability 
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governing the structure formation. The sources of helical turbulence are known to be the force fields of a 
pseudovector nature, such as magnetic or Coriolis force fields1. The specific properties of small-scale helical 
turbulence resulted in large-scale structure generation were first discovered in magnetohydrodynamics2. This 
phenomenon, known as the alpha-HIIHFWĮ-effect), allows us to explain the growth of large-scale magnetic fields in 
electrically-conducting media and forms the basis of the MHD-dynamo theory3. 
The formal similarity of equations describing the magnetic field in a moving electrically-conducting medium and 
vorticity field in non-conducting fluids gave an impetus to a search for analogs to this phenomenon in general 
hydrodynamics.
 Thirty years ago, the first theoretical example of large-scale helical instability in general (non-MHD) 
hydrodynamics was proposed by Moiseev et al. (1983a)4 and later, by analogy, coined the hydrodynamic alpha-
effect5. In paper (1983b)6 that followed right away, a hypothetical scenario for intensification and sustaining of 
large-scale vortex disturbances in the atmosphere due to energy transfer from small-scale helical convective 
turbulence – the so called turbulent vortex dynamo – was proposed as a possible illustration for self-organization of 
turbulence with the broken mirror symmetry. The theoretical estimates obtained by substituting the specific 
atmospheric parameters in model solutions6 were tested to describe tropical cyclone formation in the Earth’s
atmosphere6 as well as, a few years later in papers7,8 by other authors, to explain the size and structure of large-scale 
long-lived vortex disturbances in Jovian atmosphere after the collision of comet Shoemaker-Levy 9 with Jupiter in 
July 1994. The theory showed a very good agreement with the characteristics of observed phenomena in the
atmospheres of both planets. Summary of those results was given in a review work9.
It is worth to note that there exists an essential difference between the two dynamo models. The MHD-dynamo 
effect is based on interplay of two different physical fields, namely, magnetic and velocity fields whilst the turbulent 
vortex dynamo operates only based on the velocity field alone. This difference made it very difficult for a long time 
to realize how the vortex dynamo might work in real conditions of the Earth’s atmosphere. First of all, by what 
means will a positive feedback9 between the solenoidal components of the vector velocity field be generated?
Let us explain it in more detail bearing in mind the problem of tropical cyclone formation. A developed tropical 
cyclone is an intense atmospheric vortex, in which the main component of velocity lies in a horizontal plane. The 
powerful tangential circulation is superimposed on a weaker transverse circulation formed by the radial and vertical 
velocity components (in the cylindrical coordinates) – Fig. 1. Meanwhile, the transverse circulation is of crucial 
importance for the existence of such vortical system as a whole and ensures an energy (heat) supply from the ocean 
and linkage of air streamlines, i.e. the helical structure of the flow. In the rotating Earth’s atmosphere, a link is 
evident between the transverse and tangential circulation: it is provided by the action of the generalized Coriolis 
force on the horizontal velocity. However, until very recently10 it was completely unclear how the second link might 
be formed between the tangential and transverse circulation that is needed to close the feedback loop for the vortex 
dynamo effect.  
Only recently has it become possible to test the hypothesis on the turbulent vortex dynamo with a physically 
consistent data set.
Fig. 1. Anatomy of a tropical cyclone in the Northern hemisphere (from http://www.brockmann-consult.de).
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2. A vortical hot tower route to tropical cyclogenesis
Recent studies of tropical cyclogenesis have been carried out using reasonably high horizontal resolution (~1-3
km of horizontal scale and less) numerical simulations that possess an adequate representation of both the deep 
cumulus and stratiform stages of atmospheric cumulus convection. Near-cloud-resolving simulations11,12 brought 
about an important discovery on the vortical nature of atmospheric moist convection in the tropical zone and 
allowed one to identify rotating cumulus clouds, which were coined Vortical Hot Towers (VHTs)11. 
Montgomery et al.12 offered a new scenario of hurricane formation based on self-organization of convective 
processes in an otherwise favorable tropical environment. Although helical features of these simulated flows were 
not taken into consideration within the framework of paper12, self-organization of vortical convection was observed 
similar to the “helical” scenario9, namely, as an enlargement of vortex structures from the size of individual rotating 
cumulus clouds in the model, their merging with each other to yield newly forming larger vortices, the convectively-
induced concentration of absolute angular momentum (absolute circulation) on the system scale circulation, and an 
intensifying circulation on the system scale.
The first attempt to interpret the self-organization process discovered in12 as a manifestation of fundamental 
properties of moist-convective atmospheric turbulence with the broken mirror symmetry – helical self-organization 
in a rotating inhomogeneous atmosphere – was undertaken in paper13. Using the data of numerical simulation12,
helical characteristics of the velocity field were calculated and analyzed. It was found that the tropical cyclone (TC) 
formation is accompanied by the generation of non-zero and increasing integral helicity that implies a new topology 
of the flow when it is characterized by linked vortex lines14. This gave the first example of non-zero integral helicity 
generation found in a real natural system – the tropical atmosphere of the Earth. With such a break of the mirror 
symmetry, following the theory of turbulence4-6,15, energy transfer to dissipation scales may be suppressed and large-
scale vortex instability is possible. Based on these findings, a “helical” scenario of tropical cyclone genesis and
intensification was suggested16. Analysis of processes of vorticity and helicity generation on cloud convection and 
system scales carried out in10,16,17 revealed a key role of VHTs that work providing an integrity of TC vortex as a 
large-scale spiral system during the whole TC evolution from genesis to a mature hurricane stage. Moreover, VHTs 
link the primary tangential and secondary transverse circulation on system scales providing the closure of positive 
feedback loop between the circulations. As soon as such linkage occurs, the nascent large vortex becomes energy 
self-sustaining in the presence of only modest fluxes of latent heat from the underlying ocean and convective 
instability generated by these fluxes.
In this paper we emphasize the role of VHTs in the turbulent vortex dynamo in the tropical atmosphere, and 
based on it, we suggest a numerical diagnosis for tropical cyclogenesis.
2.1. Main actors - vortical hot towers (VHTs)
Tropical cyclogenesis remains one of the most intricate enigmas of meteorology. There appears, however, a 
growing consensus in hurricane investigators’ community that deep cumulonimbus convection of 2-20 km 
horizontal scales, which transfers sensible and latent heat from the underlying sea surface throughout the 
troposphere layer in the tropics, represents the main mechanism to intensify a pre-existing cyclonic circulation on 
the atmospheric mesoscales (~ 200 km) to a vortex of hurricane strength18-20.
The cloud hot towers in the tropical atmosphere of the Earth (Fig. 2) were first described by Riehl and Malkus 
(1958)21 as horizontally small (~10-30 km wide) but intense cumulonimbus convection cores that reached the 
tropopause, that in the tropics typically lies at least 15 km above sea level, via nearly undilute ascent and essentially 
contributed into the vertical heat transport and mass flux of the tropical overturning circulation (Hadley cell). 
Vortical hot towers found in recent numerical simulations11,12 were suggested to be fundamental building blocks 
of the tropical cyclone vortex. In contrast with some practices in tropical meteorology, we consider the broader 
spectrum of these convective structures rather than emphasizing only the most intense updrafts.
In paper11 a high-resolution near-cloud-resolving numerical simulation of Hurricane Diana (1984) was carried out 
using a 3-km horizontal grid spacing. A two-stage process was suggested for creating the near-surface tropical storm 
vortex that eventually became Hurricane Diana. The first phase was a vortical preconditioning of the lower 
troposphere by the generation of multiple VHTs and their competition with each other for ambient convective 
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available potential energy (CAPE) and angular momentum. The VHTs were found to have relatively short 
convective lifetimes (order 1 h) and to possess maximum tangential velocities near the ocean surface at the time of 
their maximum intensity. The second phase consisted of multiple vortex mergers and aggregation of the VHTs, 
broadly resembling quasi-two-dimensional turbulence and vortex dynamics phenomenology. Unlike inviscid and 
adiabatic vortex merger dynamics, however, the diabatically and frictionally forced transverse (secondary) 
circulation operating in the vicinity of the VHTs enhances the near-surface (0 < z < 2 km) inflow, and the VHTs 
typically merge near the surface first. This diabatically modified merger process was coined11 as a diabatic vortex 
merger. The study11 suggested a new paradigm of TC genesis within a vorticity-rich environment via VHTs and 
their aggregate effects. Underlying the paradigm are two main hypotheses: 
(a) There exists sufficient CAPE and low-level cyclonic relative vorticity in pre-TC environments to initiate the 
formation of the VHTs by deep convective processes. 
(b) VHTs are the preferred convective structures during the incipient formation phase and serve as the primary 
building blocks of the mesoscale cyclonic vortex.
Authors of study12 used a nonhydrostatic cloud model to examine the thermomechanics of tropical cyclogenesis 
under realistic meteorological conditions. Observations motivated the focus on the problem of how a 
midtropospheric cyclonic vortex, a frequent by-product of mesoscale convective systems during summertime 
conditions over tropical oceans, might be transformed into a surface-concentrated (warm core) tropical depression. 
Within the cyclonic vorticity-rich environment of the mesoscale convective vortex (MCV) embryo, the simulations 
demonstrated that small-scale cumulonimbus towers possessing intense cyclonic vorticity in their cores (VHTs) 
emerged as the preferred coherent structures. The VHTs acquired their vertical vorticity through a combination of 
tilting of MCV horizontal vorticity and stretching of MCV and VHT-generated vertical vorticity. VHTs overcame 
the generally adverse effects of downdrafts by consuming CAPE in their local environment, humidifying the middle 
and upper troposphere, and undergoing diabatic vortex merger with neighboring towers. During metamorphosis, the 
VHTs vortically primed the mesoscale environment and collectively mimicked a quasi-steady diabatic heating rate 
within the MCV embryo. A quasi-balanced transverse circulation developed on the system scale that converged 
cyclonic vorticity of the initial MCV and small-scale vorticity anomalies generated by subsequent tower activity. 
The VHTs were found to accelerate the spinup of near-surface mean tangential winds relative to an approximate 
axisymmetric model that excised the VHTs in the averaged tangential wind tendency equation for the system-scale 
circulation. This upscale growth mechanism appeared capable of generating a tropical depression vortex on time 
scales on the order of 1–2 days.
Fig. 2. A satellite-radar view of Hurricane Isaac’s hot towers acquired on August 28, 2012. Data from the TRMM satellite provided by the 
Precipitation Measurement Missions science team at NASA and by JAXA.
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The vortical hot towers have been identified as fundamental coherent structures in both the tropical cyclone 
genesis process and the tropical-cyclone intensification process. An overview of modern knowledge on VHTs 
including observational evidence for vortical turbulent convection in pre-storms can be gained in a recent review-
report22. Thus, the first detailed observational evidence of VHTs in a depression that was intensifying and which 
subsequently became Hurricane Ophelia (2005) was presented in23. The specific updraft was 10 km wide and had 
vertical velocities reaching 10-25 m s-1 in the upper portion of the updraft, the radar echo of which reached to a 
height of 17 km. The peak vertical velocity within this updraft exceeded 30 m s-1. Maximum values of vertical 
relative vorticity averaged over the convective region during different fly-bys of the convective region were on the 
order of 5-10×10-4 s-1. 
The contemporaneous tropical meteorology, (see, e.g., the Glossary in24), considers the vortical hot towers in pre-
storms conditions as “deep moist convective clouds that rotate as an entity and/or contain updraughts that rotate in 
helical fashion (as in rotating Rayleigh-Bénard convection). …These locally buoyant vortical plume structures 
amplify pre-existing cyclonic vorticity by at least an order of magnitude larger than that of the aggregate vortex.”
As it was noted in25, VHTs are helical by definition because they contain coincident updrafts and vertical 
vorticity.
3. Vorticity and helicity generation by VHTs
In simulations12 a “model” hot tower was defined for examination purposes as an updraft with a vertical velocity 
signature of greater than or equal to 1 m s-1 extending from z = 1 km to at least 15 km, the approximate level of the 
model tropopause. Maximum instantaneous vertical velocities in the range of 20–35 m s-1 were observed at height 
levels of 9–12 km within hot tower cores. An azimuthally averaged composite VHT was constructed based on the 
first 24 h of model data. The composite VHT had a maximum mean vertical velocity of 15 m s-1 at z = 9 km. The 
average lifespan of these VHT structures was on the order of one hour, although individual towers were tracked for 
as long as 3 h. Many updrafts, but by no means all, were observed to achieve this definition of a hot tower for brief 
time periods during their life cycle, and sometimes reached hot tower status multiple times.
The hot towers in12 had substantial anomalous vorticity values near their cores. To illustrate this, the absolute 
vertical vorticity associated with the first hot tower to form in experiment A1 of paper12 is shown in Fig. 3. The first 
updraft formed at low levels approximately 20 min into the simulation and achieved hot tower status at t = 40 min
(Fig. 3), extending vertically to z = 16 km and with an instantaneous maximum vertical velocity of 33 m s-1 at z = 10
km. The lifetime of this initial updraft was roughly 2 h. As Fig. 3 shows, a dipole of anomalous absolute vertical 
vorticity was generated by the initial updraft. The positive portion of the vorticity dipole structure attained values on 
the order of 10-3 s-1 within the model troposphere. This anomalous cyclonic vorticity is significantly larger than that 
of the local environment just prior to the formation of this updraft. For instance, at z = 9 km the vertical vorticity at 
t = 0 min was 3.8×10-5 s-1 in the vicinity of the initial updraft. Forty minutes later, the convectively generated 
vorticity maximum at that level was 4.8×10-3 s-1, more than 100 times the pre-convective value. In general, the 
VHT-related vorticity anomalies in12 ranged from 3 to 100 times larger than the vorticity of their local environment. 
3.1. Mechanism of vorticity generation and amplification by VHTs
The following vorticity generation mechanism was proposed in12: The initial mesoscale convective vortex 
(MCV), with which simulation12 starts, provides an environment rich in horizontal and vertical vorticity. As the first 
updraft forms due to evolving convective instability, it tilts ambient horizontal vorticity into the vertical while at the 
same time stretching MCVgenerated vertical vorticity. As the updraft intensifies to become a hot tower, both 
ambient and tilting generated vertical vorticity is stretched even more, leading to a strong convectively generated 
vertical vorticity anomaly. At later times in the simulation(s) the convergence/stretching of near surface (0 < z < 2 
km) vorticity by the convective plumes dominates the generation of vorticity by tilting processes.
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Fig. 3 (borrowed from Fig. 9 in12). Example vertical velocity w (m s-1) and absolute vertical vorticity Iȗ (×10-4 s-1) signatures associated with 
deep cumulus convection in experiment A1 of12 at t = 40 min. Horizontal cross sections are 20 km × 20 km subdomains. The existence of a strong 
vorticity dipole collocated with the core of the hot tower and its orientation suggest tilting of ambient vorticity associated with the initial MCV.
An understanding of the cloud-scale dynamics at early times can be obtained by examining the evolution of the 
updrafts12. Thus, the simulation in Experiment A1 was initialized with a weak midlevel vortex elevated above the 
sea surface, with a maximal mean tangential wind at z = 4 km. At radii less than 75 km, the main vortex has a basic-
state cyclonic tangential velocity field that increases in magnitude with height below z = 4 km and decreasing above. 
Ignoring buoyant effects for the time being, we can consider the horizontal vorticity profile at the initial time as 
being due solely to the vertical wind shear of the initial MCV. As sketched in Fig. 4, this vertical shear profile will 
generate a radial vorticity profile that, when tilted upward by an updraft, generates negative (positive) relative 
vertical vorticity anomalies on the radially inward side of the updraft below (above) z = 4 km. As positive vertical 
vorticity is generated in the region of an updraft, vortex tube stretching further intensifies the positive vorticity 
anomaly. The corresponding VHT’s vorticity dipole structure in Fig. 3 exhibits just this orientation and magnitude 
difference, supporting the proposed mechanism. Unlike the tilting term, however, the intensification of vertical 
vorticity by stretching can be exponential if the convergence is approximately constant during the parcel’s ascent 
through the tower.
Fig. 4 (borrowed from12). Schematic of vortex tilting within the initial MCV. Purple lines represent vortex filaments. (a) Radial vorticity 
generated by vertical shear profile of initial MCV. (b) Updraft tilts radial vortex filament upward, generating a vertical vorticity dipole with 
negative relative vorticity radially inward (outward) at heights below (above) z = 4 km. 
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3.2. Helicity of the velocity field
Helicity of the velocity field is a pseudoscalar quantity defined as the dot product of velocity V(r,t) and vorticity 
curl V(r,t) vectors14 (on helicity and helical turbulence see, e.g., in9,10,26-28 and references therein). The volume 
integral of helicity, calculated in a specific space domain
rdVcurlVH &
&&
 ³ (1)
gives the total (or global) helicity of vortex system, where VÂcurl V is the helicity density of the flow. Both 
quantities are pseudoscalars, i.e., they change sign under change from a right-handed to a left-handed frame of 
reference26. A non-vanishing mean helicity, < H >  0, implies a symmetry break of turbulence with respect to 
coordinate system reflections1,15. The helicity can be both positive and negative. Its sign determines the 
predominance of the left-handed or the right-handed spiral motions in the examined flow. If we choose a right-
handed Cartesian or orthogonal curvilinear frame, positive mean helicity will be generated in the moist atmosphere 
under the predominance of cyclonic updrafts and/or anticyclonic downdraft motions. Similarly, negative helicity 
will be generated for the case of anticyclonic updrafts and/or cyclonic downdraft flows. Helicity is one of the most 
important characteristics for describing the structure of vortex fields. This quantity is a topological invariant, which 
measures the degree of linkage of the vortex lines1,14,15.
In real atmospheric conditions there always exists a definite preferred direction due to gravity. It is therefore 
reasonable to introduce in our investigation vertical and horizontal helicity contributions, the latter as a sum of two 
spatial horizontal contributions. In the subsequent discussion we will use terms “total helicity”, “horizontal helicity”, 
and “vertical helicity” accordingly. As it was analyzed and discussed in detail in10, non-zero total/horizontal helicity 
could be generated even when the vertical contribution of helicity vanished. However, that is only possible when the 
horizontal wind is changing with height (i.e. a nonzero vertical shear). Thus, non-zero horizontal helicity can be 
considered as a sign of existing or emerging shear flow. Being a product of vertical velocity and vorticity, non-zero 
vertical helicity signals the presence of vortical convection evolving in the examined area.
3.3. Numerical analysis of helicity generation by VHTs
In work10 a comprehensive quantitative analysis was carried out for the process of helicity generation by using 
the data of six numerical experiments that illustrated a few different realizations for the scenario of “Vortical Hot 
Tower Route to Tropical Cyclogenesis” proposed in 12. Thus, it was found that maximal values of mean total helicity 
generated by the interaction between the very first updraft and MCV within the initial two hours of those 
H[SHULPHQWVZHUHEHWZHHQíî11 m4 sí2.  
An important opportunity was found that allows one to compare (and test!) helicity values based on velocity 
fields resulted from idealized numerical experiments12 with unique helicity data for intense vortical convection in 
Hurricane Bonnie (1998) calculated in paper29 using tropospheric-deep dropsonde soundings carried out by 
reconnaissance aircrafts during wide-ranging campaign CAMEX (Convection and Moisture Experiment)30
organized by NASA (National Aeronautics and Space Administration).  
In paper29(Table A1), one can find a few calculations of total helicity that are equivalent to a cell motion of zero 
(similar to conditions in our numerical experiments) for the 0-6 km layer in height. The highest value, equal to 2578 
m2 s-2, was found in Hurricane Bonnie (1998) on August 24 when the maximum surface wind was about 55 m s-1. 
For comparison purposes, we calculated corresponding helicity values for experiment A2 (horizontal resolution 3 
km) of paper12. Maximal values over the computational domain 276×276×20 km at every time moment were found 
with a time increment equal to 10 minutes. The evolution of maximal values of total helicity during the whole 
experiment time of 72 hours is shown (Fig. 5). As we can see in Fig. 5, helicity is found to have values mainly 
between 2000-2400 m2 s-2 during a time span 56-65 hours when the maximum surface wind is between 33.5 m s-1
and 42.5 m s-1. Within this time interval, the total helicity reaches its highest value equal to 2700 m2 s-2, which is 
close to that found in paper29. 
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Fig. 5. Maximal values of total helicity integrated over 0-6 km height layer of unit square during 72 hours of TC evolution in Experiment A212. 
Thus, helicity values deduced from idealized numerical simulations turn out to be reasonably close to those ones 
found for intense vortical convection in real hurricane conditions29.  
The mechanism of helicity generation based on interaction between convection (VHTs) and vertical shear of 
horizontal wind induced by the initial MCV was analyzed in detail in paper10. In five out of six numerical 
experiments10, a level of helicity generation was found to be sufficient to initiate a large-scale instability and 
emerging TC vortices of different intensities. Three experiments resulted in tropical depressions (near surface 
tangential wind<17 m s-1), whilst two were crowned with mature hurricanes (near surface tangential wind>33 m s-1).
3.4. Vortical hot towers – a necessary link for achieving the vortex dynamo effect?
At this juncture it is useful to remind the reader31 about the macro (non-turbulent) motions within a tropical 
cyclone vortex. In terms of the macro variables, the tropical cyclone consists of a horizontal quasi-axisymmetric 
circulation on which is superposed a thermally-direct transverse (overturning) circulation. These are sometimes 
referred to as the “primary” and “secondary” circulations, respectively (see, e.g., Fig. 1). The former refers to the 
tangential or swirling flow rotating about the central axis, and the latter to the transverse or “in-up-and-out 
circulation” (low and middle level inflow, upper-level outflow, respectively). When these two components are 
combined, a picture emerges in which air parcels spiral inwards, upwards and outwards. The rising branch of the 
secondary circulation near the center is warmer than the subsiding branch, which occurs at large radial distances 
(radii of a few hundred kilometers). When warm air rises (or cold air sinks), potential energy is released. 
A uniqueness of vortical moist convection (updraft/VHT) consists in its “dual” nature comprising elements of 
both the primary and secondary circulation. Each rotating convective structure contributes simultaneously to both 
the tangential horizontal and convective transverse circulation, namely, by its vertical vorticity to the former and by 
its vertical motion to the latter. Moreover, in the vicinity of each vortical updraft there occurs condensational heating 
and a local overturning circulation. The newly created local overturning circulation includes a weak shear profile, in 
which the radial velocity is a function of height, and therefore, such whole local configuration can contribute to the 
main mechanism of vertical vorticity (and helicity) generation discussed in previous sections.
Thus, a rotating convective structure represents a natural link between the tangential and transverse circulation on 
its local scale whilst their developed population should help link the primary tangential and secondary transverse 
circulation on the system scale.
A degree of such linkage is measured by helicity.
The locally generated linkage of the vortex lines results in a mutual intensification of tangential and vertical flow 
components and contributes to integral flow characteristics. This was demonstrated in detail by the calculated 
evolution of helical characteristics in10, which are quite sensitive to such changes. An emerging vertical helicity 
generated by developing rotating convection, immediately led to a significant increase in horizontal contributions of 
helicity and, consequently, in total helicity. Thus, in Experiment A2 of12, an increase in the vertical contribution of 
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helicity from zero up to approximately 5.0×109 m4 s-2 within 6–9 h resulted10 in an amplification of horizontal/total 
helicity from 1.5×1011 m4 s-2 up to 3.0×1011 m4 s-2. 
3.5. When does cyclogenesis commence?
Based on the concept of turbulent vortex dynamo6,9, we offer the hypothesis that it takes place when the primary 
and secondary circulations in a nascent TC vortex become linked on the system scales by VHTs, a positive feedback
loop forms between the circulations, and an energy-self-sustaining process of mutual intensification of both 
circulations commences. 
For purposes of quantitative diagnosis of an emerging feedback loop between the primary and secondary 
circulation, we examine the kinetic energy of both circulations calculated as squares of corresponding components 
of velocity in the cylindrical coordinates, integrated over the computational domain and normalized by number of 
grid points. Thus, <EP> and <ES> characterize the intensity of primary and secondary circulation, respectively.
Near t = 10 h in Experiment A2, one can observe dramatic changes in the flow intensity – the kinetic energy of 
the transverse circulation, < ES >, increases sharply and soon after this, kinetic energy of the tangential circulation, 
< EP >, starts to increase as well (Fig. 6). Our analysis of the flow structure and dynamics shows that near the time 
when the mutual intensification of circulations starts, an intense helical updraft-VHT of about 12-14 km in height 
appears. The VHT is found to be strong enough to generate a large transverse circulation, of tens of kilometers in 
horizontal directions and throughout the whole troposphere layer up to 14 km in height. The circulation is 
characterized by a radial inflow near the surface and in the middle troposphere, rising flow in the center and radial 
outflow in the upper levels. These flows are characterized by the following values for azimuthally-averaged mean 
velocity about its local center: 2.0PÂV-1 – LQIORZPÂV-1 – rising flow, PÂV-1 – outflow. The overall intensity 
of vortical convection at this moment can be evaluated by the integral vertical contribution of helicity, <Hver >, 
which is about Â10 m4Âs-2. The total helicity, < H >, is near Â12 m4Âs-2. This gives a start to the formation of 
a stable system-VFDOH KXQGUHGV RI NLORPHWHUV KRUL]RQWDOO\ VHFRQGDU\ FLUFXODWLRQ GXULQJ WKH QH[W í hours. The 
secondary circulation is sustained and linked with the primary circulation by the strong VHT and a number of 
smaller and less intense rotating convective cores. 
Once the linkage on the system scale forms, this marks a critical point in a process of TC formation when the 
vortex becomes self-sustaining. The time t = 12 h, after which both < ES > and < EP > mutually increase may be 
considered a practical definition for the moment of tropical cyclogenesis – a “Genesis Time” – G (Fig. 6). 
Fig. 6. Diagnosis of TC genesis in Experiment A2 of paper12 at t = 12 h: EP , ES – integrated kinetic energy.
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